Abstract-This paper describes the control in a (d-q) frame of the vibration amplitude of a tactile stimulator based on ultrasonic vibrations. The goal is to fulfill simultaneously two objectives: maintain a constant level of the vibration amplitude and excite the system at the resonance frequency. A new modeling approach is presented in order to facilitate the control and to fulfill the two objectives simultaneously. Then, thanks to an experimental setup, the validation of the new model is performed. Finally, the result of the closed-loop control over a wide range of disturbing factors is presented.
give more realistic tactile sensation. These improvements in tactile feedback would not concern only the smartphone's market but also other fields of application such as the detection and rehabilitation of tactile disorders, the virtual prototyping, the e-commerce, etc.
Two main techniques are used to control the friction: electrovibration and ultrasonic vibrations. On one hand, electrovibration increases the friction by creating an attractive electrostatic force to a user's finger when it is moving over a plate [2] , [3] . On the other hand, ultrasonic vibrations reduce the friction coefficient between the user's fingertip and the vibrating surface by creating an active lubrication of the surface. This principle was presented for the first time in 1995 by Watanabe and Fukui [4] who proposed the "squeezed film air theory" to explain the friction reduction. The design of the vibrating touched surface is not straightforward, and should fulfill some requirements. Indeed, it should be large enough to allow a free movement of the finger, and needs to optimize a resonant bending mode of the plate [5] . Moreover, the vibration amplitude should be superior to 1 μm at a frequency above 25 kHz [6] . However, the vibration of the plate can be sensitive to external factors, such as the temperature which changes the resonant frequency of the chosen bending mode or the user's fingertip force which damps the vibration. A closed-loop control is then needed to guarantee constant vibration amplitude. Some previous works deal with closed-loop control for the piezoelectric actuator to drive high-precision stages [7] . In [8] , the control of a haptic knob is presented to eliminate the effect of the finger force. The voltage across the piezoelectric material is adjusted in order to obtain the required vibration amplitude. In other control schemes [9] , [10] , the piezoelectric ceramics are supplied with a constant voltage amplitude while the frequency is adjusted in order to reach the required vibration amplitude. With these methods, the operation at resonance is not guaranteed, which may decrease the global efficiency of the system. Indeed, for a resonant ultrasonic device operating at a given vibration amplitude, the required amount of the voltage increases as the frequency shifts away from the resonant frequency. Then, a tracking of the resonant frequency is necessary [11] , [12] .
The tracking of the resonance can be done by adjusting the phase difference between the current and the voltage supply [13] [14] [15] [16] . In these cases, the electrical resonance is achieved but the mechanical one not exactly tuned. In [17] , another approach is proposed to track the mechanical frequency with an estimation of the vibration amplitude through the motional current. A cascaded control for the frequency and the displacement is performed. In our case, there is no major issue with the direct measurement of the vibration amplitude. Moreover, as the control of the vibration and the control of the frequency are simultaneously performed, the response time may be improved which is very important for our application.
In our recent work [18] , a first approach is proposed to cope with the two disturbing factors (finger force and temperature variation). The finger force is measured by the force sensors of the stimulator, while the temperature variation of the stimulator, supposed to be equal to the surrounding temperature, is measured by a thermometer. This first study relies on an empirical modeling of the device and the frequency control is based on a "bang-bang" strategy [19] . This approach gives very satisfactory results especially when the initial excitation frequency is close to the resonance. However, with unsuited initial condition, the bang-bang control can lead to bad performances in terms of response time.
This paper uses a more general approach to present a control of the vibration amplitude of the plate with a simultaneous tracking of the resonant frequency of the bending mode. It is based on the modeling and the control in a (d-q) frame of a tactile plate in order to overcome external factors. The main effort is performed on this particular modeling which allows finally an accurate and simple control. This d-q representation is used to transform the natural fixed reference frame into a new frame that rotates synchronously with a specified vector. The control of the variables becomes easier since they are constant in the steady state and not more sinusoidal as a function of time. The d-q vector representation has been widely used to represent and to control ac electric machines [20] ; and also in the gridconnected power inverter domain to track the phase and the frequency of the grid voltage, and to control the exchange of power between the electric system and the direct current (DC) bus [21] . Recently, it has been successfully applied to ultrasonic motors [22] .
In Section II of this paper, the tactile feedback system will be presented and the influence of some external parameters on the vibration quality will be highlighted experimentally. Then, the modeling in the d-q frame will be developed in Section III. Section IV will focus on the experimental identification of the model parameters. Finally, in Section V, the simultaneous control of the vibration and the tracking of the resonant frequency will be presented.
II. SYSTEM PRESENTATION

A. Design of the Tactile Stimulator
Ultrasonic vibrations are used to produce friction modulation by generating a squeezed film air bearing. This vibration is nonperceptible by the mechanoreceptors whose bandwidth is below 1 kHz [23] but the resulting sliding effect on the plate is easily perceivable.
In order to create these vibrations, piezoelectric ceramics are glued under the aluminum resonator; the material of the ceramics is PZT and their dimension is 14 × 6 × 0.5 mm 3 . They are used as actuators by means of the inverse piezoelectric effect. For the plate studied in this paper, the size is 198 × 138 × 1.2 mm 3 , and 20 actuators were glued under the surface (18 are used as actuators and 2 as sensors). Actuators are arranged into four columns, two in each border. The plate is maintained using four attachment points placed at the nodes to impose the free vibration boundary condition, see Fig. 1 . Each column is composed by five ceramics distributed over the whole width of the plate. When they are excited at the mechanical resonant frequency of the chosen bending mode, a standing wave is generated as depicted in Fig. 2 . The measurement of the instantaneous vibration amplitude is carried out using two piezoelectric ceramics as sensors. They have to be positioned at the antinode of vibration and they convert the deformation of the plate into a voltage proportional to the vibration amplitude. The sensors are calibrated using a vibrometer in order to find the linear relation between the sensor response and the instantaneous vibration amplitude.
The system is controlled by a digital signal processor (DSP) type STM32F4 which generates the numerical control signal. This signal is then converted by a dc-ac converter and amplified in order to produce the supply voltage to the actuators. The response of the tactile stimulator, i.e., the vibration amplitude is measured through the sensors of the plate. The operating point can be programmed through an emulated serial port. Fig. 3 shows the main components of the system.
An analog-to-digital converter integrated in the DSP is operated to convert the vibration amplitude W measured by the piezo sensors to a numerical value. Then, specific measurement instants at each period help us to decompose the signal to a real and imaginary part which is needed when modeling the vibration amplitude behavior.
B. Influence of External Parameters
When the first studies on friction reduction-based tactile devices were carried out in the open loop, the wave amplitude was not controlled [1] , [24] . However, in recent publications [25] , [18] , it was highlighted that some external factors such as the finger force and the temperature variation can disturb those devices while modifying the vibration amplitude and the resonant frequency. These disturbances influence the damping and stiffness properties of the vibrating plate as it is also found in [26] even if they work in another range of frequency (less than 500 Hz). The measurements of Fig. 4 show that the vibration can be damped by 50% with an applied normal force of around 1.5 N.
Moreover, this variation is quite fast, and measurements in [18] have noticed normal force variations as fast as 1 N in 0.1 s. Moreover, another factor modifies the resonant frequency of the plate: the variation of the external temperature. By increasing the temperature, the mechanical structure becomes softer which de- creases the stiffness parameter c leading to decrease the resonant frequency [27] . It should be noted that piezoelectric ceramics characteristics are much less sensitive to the temperature than the resonator itself. Indeed, Fig. 5 shows the vibration amplitude as a function of the frequency at two different temperatures (24 • C and 33
• C). It shows that the resonant frequency is decreased from 32.3 to 32.2 kHz when the temperature increases. This variation of 9
• C of temperature is supposed to be similar as the variation between the room temperature (24
• C) and the temperature of the finger skin (33
• C). This curve was plotted after putting the plate in an oven and varying the temperature from 24
• C to 33
• C by steps of 1 • C. During this experiment, we found a linear relation between the temperature and the resonant frequency.
Hence, for a constant supply frequency adjusted to the resonant frequency at the lower temperature, the vibration amplitude decreases when the temperature increases. Moreover, despite the small frequency shifts (0.3% for the example above), the effect is not negligible, and the amplitude of vibration is reduced by 25% from its initial value. At the end, an experimental study shows that the vibration amplitude reduction may reach up to 8% for only a 4
• C variation. The aforementioned sensitivity to external factors leads us to propose a closed-loop control of the vibration in addition to the tracking of the resonant frequency in order to obtain the robustness of the system at each operating condition. The modeling of the system in order to obtain the control law by its inversion is described in this paper.
III. MODELING OF THE STIMULATOR'S VIBRATION IN THE d-q FRAME A. General Equations in the d-q Frame
Around resonant frequency of the chosen bending mode, and under purely sinusoidal excitation, the evolution of the vibration amplitude W (t) is given by the second type equation in the complex form [18] , [22] where m is the modal mass, d s is the modal damping, c is the modal stiffness, N is the electromechanical conversion factor, F represents the effect of the external force applied to the system, V is the ceramics supply voltage, and W is the vibration amplitude. The latter and the voltage can be represented with their complex form, and we name W d and W q (V d and V q ) the real and imaginary parts of the vibration (and of the voltage respectively) as follows:
ReplacingẄ ,Ẇ , and W by their expressions in (1), assuming that the variation of ω is minor (ω = 0) and considering F = 0 yields (4) and (5) . The modeling and identification processes are performed without any load and F is considered as a disturbance during closed-loop operations
These two equations describe the vibratory behavior as a function of the voltage and the excitation frequency. In order to simplify the model and because we have a degree of freedom for the choice of the d-q frame, we set V d = 0. Hence, we decide to align the rotating reference frame on the voltage vector. This can be represented by the vector representation of Fig. 6 , where the vectors V and W are represented. It may be noted that this approach differs from the case where axis d is attached to W , leading to W q = 0, and the voltage components V d and V q were constrained by the condition of a constant voltage amplitude
This approach did not ensure operation at the resonant frequency, whereas our goal here is the control of the vibration amplitude and a real-time tracking of the resonant frequency.
B. Equations at Resonance
The synchronization of the vector V on the axis q makes V d = 0. At resonance, we have ω (4) and (5) give the following equations:
From (6), we can conclude that at the resonance, the imaginary part of the vibration amplitude W q = 0 and (7) gives a linear relation between V q and W d . With this representation on the d-q frame, we are able to determine easily whether we are exciting the system at resonance or not by verifying if W q is null or not. Besides, to track the resonant frequency, two parameters are adjustable: the voltage amplitude V and the angular frequency ω(ω = 2πf ). Each of them has an influence on the real and imaginary part of vibration, respectively, W d and W q , as the voltage is synchronized on the q axis. On one hand, the diameter of the circle plotted in Fig. 6 is a function of the voltage amplitude V: if the voltage increases, the diameter also increases. On the other hand, the variation of the voltage frequency affects the angle between W and V which is π/2 at resonance. If this angle is less than π/2, the excitation frequency must be increased; and if this angle is higher than π/2, the excitation frequency must be decreased in order to recover a 90°angle between the two vectors and by that way, minimize the ratio V /W .
C. Transfer Functions for the Control
Since V is attached to the axis q, we write V d = 0 and V q = V . This condition gives rise to the following equations:
From these equations, two working conditions can be studied: in the vicinity of the resonance, and for variations of the supply frequency.
1) Modeling of the Vibration Amplitude in the Vicinity of the Resonance: In the vicinity of resonance, W q = 0 and (9) can be written as
The resonant angular frequency ω 0 depends on c and m
Applying Laplace transformation, we find a first-order transfer function between W d and V
with
Hence, in the rotating reference frame, the evolution of the vibration amplitude follows a first-order equation whose time constant equals τ 1 and the static gain is K 1 . The benefit of the frame transformation can be seen there, a simple PI controller can be used to control W d to the reference, as described in [8] .
2) System Behavior to Frequency Change: In this section, we assume that W d is perfectly controlled and constant. Hence, the derivatives terms of W d which areẆ d andẄ d will be null and (8) becomes
In this equation, ω and W q are variables leading to a differential equation with nonconstant parameters. For the purpose of simplification, we propose a linearization of the equation. Indeed, considering that ω = ω 0 + Δω, we can write
The first-order Taylor approximation can be employed because the variation between the excitation frequency ω and the resonant frequency ω 0 is very small, and Δω ≈ 0; thus, we can write
By replacing (14) and (15) in (13), we have
Same considerations lead us to approximate ω to ω 0 , and with (15), and (13), we obtain the following:
Leading to
Two important remarks can be elicited from these transfer functions.
1) τ 1 = τ 2 : the two transfer functions (12) and (18) Once again the accurate choice of the new frame allows a simple and decoupled control of the frequency. In the next section, the method of parameter's identification and the control of the output of these models will be investigated.
IV. EXPERIMENTAL IDENTIFICATION
In this section, the two transfer functions previously detailed are identified by applying a step variation of the input and measuring the output in the time domain. The experimental setup necessary for the identification is described.
A. Experimental Setup Description
The tactile stimulator presented in Section II-A is used in the identification process. It is connected to a PC through the serial communication port in the read and write mode (see Fig. 3 ). The read mode allows us to display in real time different parameters with 1-kHz sampling frequency, like the instantaneous vibration amplitude, the voltage amplitude, and the frequency excitation. The write mode is used to send the amplitude references to the system. The DSP is powered by an USB port.
B. Identification Approach 1) Identification of the Transfer Function Between W d and V:
The first point is to identify the static gain K 1 of the transfer function (12) . For that aim, successive values of the voltage from 50 to 400 V peak to peak are applied to the piezoceramics at the resonant frequency, and the vibration amplitude is measured. The choice of this range of voltage is explained by the desired range of the vibration amplitude [0.5 . . .
μm].
This relation between the supply voltage and the vibration amplitude is linear in the useful range for this application. Fig. 7 shows the slope of the curve (W d /V = K 1 ).
We also recorded the response of the system at each step of variation of V. Despite the different voltage levels, it may be noticed that a first-order behavior was obtained as predicted by the modeling. From these characteristics, we used the leastsquares method (ARX [28] ) for the identification of K 1 and τ 1 from (12) because it gives good results at low order. The results for each trial are presented in Table I . The variations of τ 1 as a function of the voltage applied are plotted in Fig. 8 .
The deviations of τ 1 (±6%) and K 1 (±5%) are found to be sufficiently small to consider that they are constant for all voltage condition.
2) Identification of the Transfer Function Between W q /W d and Δω: The identification of this second transfer function needs some experimental conditions, already explained in the modeling. In particular, for using linearization, we must ensure that 1) the system is excited in the vicinity of the resonance which makes Δω/ω 0 ≈ 0; 2) the real part of the vibration amplitude W d is controlled and constant, by using a control as detailed in the next section. The transfer function (18) Fig. 10 illustrates the relative error of the controlled W d in response to decreasing steps of the angular frequency to verify that it is maintained constant.
In response to decreasing steps of the angular frequency Δω from ω 1 to ω 2 around resonance, the quantity W q (p) /W d increases following a first-order behavior. The identification of the transfer function presented in (18) gives the parameters K 2 and τ 2 for each step. The two extremes and the medium experimental identification results are presented in Table II .
Moreover, we have plotted some values of K 2 and τ 2 as a function of the angular frequency in the vicinity of the resonant frequency (see Fig. 11 ). It can be stated that at the exact resonant angular frequency (ω = 202995 rad/s), this ratio between K 2 and τ 2 is equal to 1 as expected by (18) .
Finally, the parameters of the function between W q (p)/W d and Δω are K 2 = 1.812.10 −3 and τ 2 = 1.624.10 −3 s. The most important feature of the identification is that we check by real measurement the validity of the model and approximations. We find that the two transfer functions have a similar constant time (respectively, τ 1 = 1.88 ms and τ 2 = 1.62 ms). Moreover, the transfer function giving W q (p)/W d as a function of Δω has the static gain equal to its time constant. In the next section, a real-time implementation of the two controllers will be achieved and thanks to an experimental measurement, a comparison between the closed-loop control against the open loop one will be presented. 
A. Calculation of the Controller Coefficients
The parameters of the controller are calculated through the identified transfer function. The two transfer functions are of first-order type. A classical proportional integral controller is sufficient due to its low transfer function order; it can reduce the response time without any static error. In the following part, the method parameters calculation is presented.
The structure of the controller is defined in (19) which contains two variable parameters K p and K i
The classical closed-loop control for a first-order system H(p) is represented in Fig. 12 :
With S d is the desired output, S m is the measured output, ε is the error between S d and S m , and C is the output of the controller. The characteristic equation of the closed-loop system shown in Fig. 12 is given by
We assume that k p /k i = τ to compensate the pole of the transfer function. By equating the characteristic equation in the closed loop with this assumption, we find a first-order system between S m and S d given by
With τ f = 1/K.K i is the desired time constant in the closed loop. The parameters of the controller can be calculated from τ, τ f , and the parameters of the transfer function in the open loop (K and τ ): for instance, the desired response time t r 5% can be imposed. For a first-order function, it is equal to 3 τ f which leads to the equations of the controller parameters
This method will be used to control the identified transfer functions modeled in Section VI.
B. Results for the Two Control Loops
The two controllers were implemented in the DSP with a sampling frequency of 1 kHz. The response time of the two controllers was chosen in order to accelerate the response time of the vibration amplitude to achieve about 2 ms, otherwise it was 5 ms in the open loop. The first series of experiments shows the response in open and closed loops of the vibration amplitude at the resonance and without finger force, in order to highlight the improvement performed on the response time (see Fig. 13 ). The reference value for W q is zero, whereas the reference value for W d is 2 μm. By observing the response of W d , we can conclude that the use of the closed-loop configuration has an influence on the response time by decreasing it from 5 to 2 ms which may make the vibration more sensitive for the fingertip. The response of W q is almost zero both in close or open loop which is explained by the absence of external disturbance factors in this case. By repeating this experiment 30 times, the standard deviation of the step response was about 1.3% at the desired vibration amplitude of 2 μm. W d and W q behaviors are interesting to plot to highlight the decoupling of the control for the wave amplitude and the resonance frequency.
The second series of experiments aims to evaluate the robustness of the controllers against temperature variation. The idea is to power the ceramics at the same excitation voltage as in the first experiment, at an initial frequency which would correspond to the resonant frequency at 33
• C (ω = 202450 rad/s) while the real temperature during this experiment is about 24
• C (ω = 202995 rad/s). The validation of the control strategy was tested with an extreme possible condition of the temperature variation from 33
• C to 24
• C in order to validate the robustness of the controller. If the controller works well with a minimum response time with this extreme condition, we will conclude that the system control strategy will work better when the temperature variation is small. Therefore, the control strategy will be validated.
We observe in the open-loop control that W q becomes nonzero and W d decreases from the desired vibration amplitude W = 2 μm to 1.6 μm. On the other hand, the closed-loop control strategy ensures robustness against temperature variation with a low response time ≈ 2 ms and no more static error (see Fig. 14) . If we wanted to reach the same vibrating amplitude in the open loop with this error on the temperature, we should provide a higher voltage supply.
In the closed loop control, W q is nearly zero which proves that the excitation frequency of the system has converged toward the resonant frequency, despite of the perturbation. This is depicted in Fig. 15 where the frequency reaches the resonance in less than 3 ms, there is a jitter of approximately 12 Hz; it is due to the resolution of the timer of the DSP which limits the frequency resolution. The jitter is much lower than the system's bandwidth which is about 150 Hz.
In order to assess the system performance against the two disturbing factors at the same time (finger force and temperature variation), a third experiment has been performed. The experimental conditions are similar to the previous experiment one (excite the system at the 33
• C resonant frequency), but this time, the finger is sliding on the active surface with a force about 2 N. The finger has to move laterally back and forth on the tactile plate to feel stimulation; the measured finger force is displayed on a screen in front of the subject to help him/her maintaining it constant. These two conditions of temperature variation and finger force are performed to evaluate the robustness of the control law in the extreme disturbance conditions. Despite the open-loop control is sensitive to the disturbing factors, the closed loop maintains the vibration constant in a short response time (see Fig. 16 ).
VI. CONCLUSION
In this paper, we proposed a new approach to control the wave amplitude of the vibration created for tactile stimulation. For that aim, a new modeling has been developed analytically in a rotating reference frame. By aligning the rotating frame on the voltage, we obtain after some assumptions two first-order type equations for the control of the vibration amplitude and for the tracking of the resonant frequency. The proposed models have been validated experimentally in the useful range of work of the tactile device. The frequency tracking method can also be used in others applications because of its low error and simplicity of implementation. The identification has been performed and two simultaneous closed-loop controls of the vibration amplitude and of the frequency have been implemented. The closed-loop results show a high robustness of the new control strategy against the two disturbing factors. The objective was to make the effect of the tactile feedback insensitive to external disturbances such as the fingertip force and the temperature variation. This paper achieved the first step of the goal. To go further, we are currently focusing on the relation between the control of the modulated friction to compensate the difference in perception between the users [29] .
